Abstract. Rainwater utilization has great potentials for recovering hydrological cycles, for buffering extreme run-off situations in the watercourses, and for reducing the costs for water supply in urban area. However, little information is available on the water qualities and runoff properties of collected rainwater, which is critical for efficient design and maintenance strategies of rainwater harvesting facilities. In this study, characteristics of rainwater collected in a rainwater harvesting system were examined in terms of pollutant concentrations. Based on these results, TiO 2 photocatalysts were applied on the roof surface as a novel coating material to improve the quality of collected rainwater. The analysis of rainwater samples shows that the contamination by turbidity, conductivity, and color occurs during the catchment process, which may result in troubles for further use. The roof coating technique developed in this study appeared to be effective in increasing the wash-off of pollutants and improving the water quality in roof runoff because of its increased hydrophililicy as well as photocatalytic reactivity. Further research is required on trace pollutants such as endocrine disruptors to estimate and minimize health risk in rainwater harvesting.
Introduction
As rivers and groundwater dry up and their quality is becoming low, water is being recognized more widely as a valuable resource. Moreover, urbanization has increased the impermeable areas, thereby resulting in water control problems including floods and droughts. Recently, rainwater utilization involving the collection of rainwater from roofs and other surfaces, its storage, and subsequent use has drawn attention as a solution for water control and scarcity problems in urban areas [1] .
However, an increasing concern in rainwater utilization is the level of contamination in rainwater runoff [2] . Contaminated rainwater may result in human infection and chemical intoxication although rainwater is mainly for non-potable use. Ionic and organic pollutants in rainwater runoff may deteriorate the water environment in the urban area. There are several sources of pollutants in rainwater runoff: atmospheric pollutants accumulate on the roofs and other surfaces as dry deposition as well as being washed out of the atmosphere in rain as wet deposition. In addition, the catchment surface materials themselves may be a source of some metals including copper, aluminium, iron, and lead.
The objective of this study is to developt a technique to reduce the contamination level in collected rainwater for efficient and safe use of rainwater. For this purpose, the sources and concentration range of pollutants including particles, heavy metals, organics, and ions in rainwater runoff were first determined to understand how these pollutants are washed off from catchments surfaces. Based on this result, surface treatment of the roof catchment area using TiO 2 photocatalyst was attempted toward a better runoff property of rainwater. The impacts of contaminants in runoff on rainwater utilization were also investigated to provide insight into efficient design and operation of rainwater utilization systems in urban areas.
Experimental
A rainwater storage and utilization system, which was developed and installed in a building (Korea Institute of Construction Technology) in May 2003, was used to determine the behavior of pollutant outflow from roof-collected rainwater. The runoff from a roof with the surface area of 427 m 2 was collected at several different rain events. Rainwater runoff samples from other catchment surfaces including road, roof garden, parking lot, and playground as well as roof-collected rainwater were compared with wet deposition (direct precipitation) to examine the effect of catchment surfaces on water qualities. Rainwater collected in Goyang-Si, Korea was used in this study. Spectrophotometric methods of Hach using DR-4000 spectrophotometer were adapted to measure the ionic concentrations and turbidity. All tests were duplicated to ensure reproducibility of the results.
In order to collect and store rainwater of better quality, a technique has been applied including TiO 2 coating. The coating of roof surface was carried out using a liquid form of commercially available photocatalyst solution (Lipo Co. Ltd., Korea). Details on the coating condition as well as solution composition were provided in ref [3] .
Results and Discussions
Characteristics of rainwater from various catchment surfaces. Rainwater runoffs from roof and raod surfaces were collected and analyzed to study the effect of catchment surface properties on collected rainwater qualities. Turbidity and conductivity were high in the collected rainwaters compared to wet deposition rainwater as summarized in Table 1 . This suggests that the contamination by these compounds occurs from the catchment surface. On the other hand, the concentrations of heavy metals including iron, copper, and aluminium were not high in the collected rainwaters in most cases. Although the data is not shown in the table, dimethyl phthalate and di-n-buthyl phthalate, which are suspected as endocrine disruptors, were also found with the concentration range of 0.11 mg/L to 0.25 mg/L in the rainwater samples from roof catchment and road runoff. Table 1 also compares the qualities of rainwater samples with the drinking water standard and the grey water standard in Korea. The heavy metal concentrations in the collected rainwaters were even smaller than the drinking water standard although they are not considered as potable use. However, the rainwaters from roof and road contained substantial amounts of particulate pollutants including turbidity and total viable bacteria. Although the average turbidity in roof runoff is within the grey water standard, the turbidity in initial runoff is much higher (usually about 100 NTU) because of the first flush phenomena. Therefore, it is likely that those particles and microorganisms should be properly removed prior to rainwater utilization.
Surface treatment of catchment surface using TiO 2 photocatalyst. To improve the quality of collected rainwater for efficient rainwater utilization, a surface treatment technique based on TiO 2 coating was attempted in this study. Figure 1 compares the turbidity and total viable bacteria count for wet deposition, untreated roof (normal roof) runoff, and TiO 2 -coated roof runoff. The pollutant concentrations in wet deposition were generally lower than those in roof runoffs. Initially, the pollutant concentrations in both normal roof and TiO 2 -coated roof runoff were much higher compared to wet deposition. However, the concentration decreased rapidly as rainfall continued. After 1 mm of accumulated rainfall, the difference between wet deposition and roof runoffs became small. This is a typical first flush effect. The first flush effect shown in Fig.1 is attributed to one or a combination of the following three processes: (1) matter deposited on the catchment surface during preceding dry period is washed off by the falling rain; (2) weathering and corrosion products of the catchment surface and drainage system are washed off; and (3) concentrations in falling rain itself are decreasing with increasing rainfall depth due to scavenging of particles, aerosols, and gases by rain droplets.
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As clearly shown in Fig.1 , the pollutant concentrations in the TiO 2 -coated roof runoff generally showed lower values than those in normal roof runoff except for initial stage, indicating that the two roof surfaces have clearly different properties affecting the pollutant wash-off. The coating of roof surface using TiO 2 may reduce the amount of dry deposition as well as weathering, leading to smaller quantity of pollutants in the TiO 2 -coated roof. Moreover, for the case of the total viable bacteria count, the difference between the untreated roof runoff and the TiO 2 -coated roof runoff was large compared to the case of turbidity. This suggests that TiO 2 under sunlight containing ultraviolet light may provide an oxidative inactivation of pollutants and microorganisms through photocatalysis as shown in a smaller number of bacteria in TiO 2 -coated roof in Fig.1 . Quantitative analysis of wash-off rate. The wash-off of pollutants can be quantitatively characterized using a simple kinetic model. In analogy to the washout function used in the EPA stormwater management model describing the flush of matter deposited on impervious surfaces by rain, the observed concentration of pollutants can be expressed as a first-order law as a function of rainfall depth x kc dx dc − =
where c is the pollutant concentration in the runoff and k is the rate constant representing how fast the wash-off of pollutant occurs. Therefore, the pollutant concentration c is given by: (2) where c 0 is the levelling off concentration (if there is no interaction between rainwater and catchment surface, c 0 should correspond to the rainwater concentration in wet deposition) and c 1 is the initial concentration of pollutant. The rate constant k is calculated from non-linear regression of the measured evolution of pollutant concentration using Eqn (2).
Using Eqn (2) and the evolution data of pollutant concentrations in the experiments, we can estimate the wash-off constant in each matter. Table 2 compares the wash-off constants and other parameters for normal roof with those for TiO 2 -coated roof. A higher wash-off constant means that the pollutants are easily detached and quickly washed off from the catchment surface. For turbidity, the wash off constants for TiO 2 -coated roof was more than three times higher. This indicates that the surface property of TiO 2 -coated roof is clearly different from that for normal roof. Moreover, the wash-off constant is of practical importance in collected rainwater quality from roof because A roof surface with higher wash-off constant requires smaller amount of rainwater to reject for the improvement of overall water quality.
The faster wash-off of pollutant from TiO 2 -coated roof surface is attributed to its increased hydrophilicity, resulting in easier detachment of particulates and micropollutants on the catchment area. Surface coated with TiO 2 changes from hydrophobic state to hydrophilic state under ultraviolet illumination. Contact angle for water decreases with time and finally reaches almost zero, which has been reported as superhydrophilicity. Further studies will be required to quantitatively analyze the mechanisms for the effect of TiO 2 coating. 
Summary
In this work, the characteristics of rainwater runoff and a method of collecting better quality of rainwater were investigated for better design and operation of rainwater utilization systems in buildings. A surface modification technique using TiO 2 photocatalyst developed in this study appears to be effective to increase the wash-off of pollutants and improve the water quality in roof runoff.
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